Abstract. Clementine ultraviolet-visible (UVVIS) data are used to examine the compositions of 18 pyroclastic deposits (15 small, three large) at 13 sites on the Moon. Compositional variations among pyroclastic deposits largely result from differing amounts of new basaltic (or juvenile) matehal and reworked local matehal entrained in their ejecta upon eruption. Characterization of pyroclastic deposit compositions allows us to understand the mechanisms of lunar explosive volcanism. Evidence for compositional differences between small pyroclastic deposits at a single site is observed at Atlas crater. At all sites, compositional variation among the small pyroclastic deposits is consistent with earlier classification based on Earth-based spectra: three compositional groups can be observed, and the trend of increasing mafic absorption band strength from Group 1 to Group 2 to Group 3 is noted. As redefined here, Group 1 deposits include those of Alphonsus West, Alphonsus Southeast, Alphonsus Northeast 2, Atlas South, Criiger, Franklin, Grimaldi, Lavoisier, Oppenheimer, Orientale, and Riccioli. Group 1 deposits resemble lunar highlands, with weak mafic bands and relatively high UV/VIS ratios. Group 2 deposits include those of Alphonsus Northeast 1, Atlas North, Eastern Frigoris East and West, and Aristarchus Plateau; Group 2 deposits are similar to mature lunar mafia, with moderate mafic band depths and intermediate UV/VIS ratios. The single Group 3 deposit, J. Herschel, has a relatively strong mafic band and a low UV/VIS ratio, and olivine is a likely juvenile component. Two of the deposits in these groups, Orientale and Aristarchus, are large pyroclastic deposits. The third large pyroclastic deposit, Apollo 17/Taurus Littrow, has a very weak mafic band and a high UV/VIS ratio and it does not belong to any of the compositional groups for small pyroclastic deposits. The observed compositional variations indicate that highland and mare materials are also present in many large and small pyroclastic deposits, and they suggest that volcanic glasses or spheres may not be dominant juvenile components in all large pyroclastic deposits.
Introduction
Lunar pyroclastic deposits are volatile and metallic element (Fe and Ti) enriched remnants of ancient volcanic eruptions on the Moon, and they provide clues to conditions in the early lunar interior [e.g., Papike et al., 1998 ] and to the distribution of potential resource materials for future exploitation . Studies of lunar pyroclastic materials, especially the primary or juvenile picritic glasses, provide unique information on the composition of the mantle [e.g., Delano, 1986 ] and on the nature and origin of associated volatile elements in an otherwise volatile-depleted environment [e.g., Heiken et al., 1974] . Possible fundamental differences between picritic glasses and mare basalts [e.g., lesser extent (generally >2500 km 2 in size), while small deposits (-90 in number) are more localized (<2500 km2). Several large pyroclastic deposits (e.g., those at Taurus-Littrow, Sulpicius Gallus, Sinus Aestuum, and Aristarchus) are observed in the highlands on the margins of several marefilled impact basins and thus were inferred to mark the locations of source vents for associated pyroclastic and mare volcanic activity [Head, 1974] . A range of compositions of these large or regional lunar pyroclastic deposits has been inferred from remote-sensing data [e.g., Gaddis As with the regional deposits, a wide range of compositional variation exists among localized pyroclastics. However, instead of new or juvenile volcanic glasses being the spectrally dominant compositional component in the small pyroclastic deposits, identifiable differences in the relative amounts of possible juvenile materials versus host rock form at least three classes of localized deposits (Table 1) In this paper, the Clementine UVVIS data are used to perform a compositional analysis of 15 small lunar pyroclastic deposits at 11 sites on the Moon (Figures 3 and 4 ; Table 2 ). The small pyroclastic deposits are the focus of this study because of their possible relative youth (-1 b.y. [Spudis, 1989] See Table 2 for site locations. Although the-100 m/pixel spatial resolution of the Clementine UVVIS data is higher than that previously available, the five-band data have limited spectral resolution when compared to some Earth-based spectral data (which may have >100 spectral channels between 400 and 1000 nm). Recent work with the global Clementine UVVIS data has led to the development of geochemical estimates of FeO and TiO2 abundances, along with relative soil maturity, based on empirical relationships between spectral properties and elemental abundances for lunar soils [e.g., Lucey et al., 1994; 1998 a, b]. These estimates are based on correlations between geochemical data from lunar samples and reflectance at 0.415, 0.75, and 0.95 gm and they represent attempts to deconvolve the sometimes competing effects of composition and maturity on reflectance. The models account for the effects of the presence of ferrous iron, titanium, and opaques in minerals, as well as submicroscopic metallic iron produced by space weathering. A key assumption in the development of the models used to derive these estimates is that glass abundance in lunar soils is highly correlated with maturity. Impact glasses are the dominant form of glass on the Moon, and they are a major component of agglutinates formed as soils increase in age. Because the effects of volcanic glasses on this relationship are presently unknown, both the FeO and TiO2 abundances and the maturity of soils developed on lunar pyroclastic deposits cannot yet be completely constrained by the same means.
Although both intimate and coarse mixing of components of variable composition play significant roles in the development of all lunar soils [e.g, Pieters and Englert, 1993, chap. 14] and the deconvolution of soil components as identified remotely has been the subject of intensive investigation in recent years [e.g., Sunshine and Pieters, 1993; Mustard et al., 1998 ], the approach used here is to evaluate small pyroclastic deposit compositions on the basis of the dominant type of mafic minerals as observed in the spectral ratio parameters identified above. This first-order classification will serve as a comparison to previous Earthbased spectral analyses and will provide a basis for further characterizations of lunar volcanic deposits with the Clementine data.
Compositional Analyses of Small Pyroclastic Deposits
To characterize the compositions of the small pyroclastic deposits on the basis of Clementine UVVIS data, we focus on 15 small pyroclastic deposits at 11 sites broadly distributed across the Moon (Table 2; In all cases, it is assumed that the spectra represent mature volcanic soils in which particle size has been homogenized by maturation processes. In each case, spectral extraction was restricted to a single-orbit strip to limit problems with interorbit brightness variations due to changes in viewing geometry [e.g., Jolliff, 1999] . Standard deviations of <2% at each wavelength are typical.
To characterize further the juvenile components in lunar pyroclastic deposits, the Clementine color ratio data can be used to evaluate subtle differences in composition among the small pyroclastic deposits and to compare them to other lunar units. In this section, a summary of the interpretation of the reflectance spectra for the small pyroclastic and comparative deposits is presented. These data are then used (1) to examine the spatial distribution of pyroclastic matedhals in the floor of Atlas crater to search for evidence of multiple eruptions at a single site and (2) to characterize the extent of compositional variations among representative examples of small and lunar pyroclastic deposits. These analyses set the stage for a summary discussion of the nature of the juvenile components of lunar pyroclastic deposits.
Spectral Interpretation
Clementine five-band UVVIS reflectance spectra for 14 lunar sites, including 10 pyroclastic deposits at 8 sites, are shown in Figure 5 (see also Figure 3 and Table 2 3.1.2. UV/VIS. In Figure 5 , the UV/VIS ratio for each deposit (Table 2) and are thus redder in color, with possibly lower titanium contents, than most Group 1 deposits. Also, the central cluster has an average 950/750 ratio value that is lower than most Group 1 deposits, and so it has slightly stronger mafic absorptions than many of the Group 1 deposits. Note that two of the crater floor sites, Alphonsus and Atlas, have small pyroclastic deposits that can be considered to fall into two separate compositional groups. Also, the large pyroclastic deposit of Aristarchus Plateau shows a similarity in color ratio to the small deposits of Group 2.
Small pyroclastic deposits: Group 3 (revised).
The single deposit at the lower left (Figure 8 ) is the J.Herschel deposit; in this analysis, it is the only member of Group 3.
The ratio value for the J. Herschel crater deposit is the lowest 950/750 observed, and thus it has the strongest mafic absorption feature among the small pyroclastic deposits. The J. Herschel deposit also has the lowest 415/750 value and is the reddest of the deposits examined.
Although a general trend of increasing mafic absorption band strength from Group 1 to Group 2 to Group 3 small pyroclastic deposits can be observed in Figure 8 , the difficulty and Alphonsus West deposits. By contrast, the large pyroclastic deposit of Ari starch us Plateau has a stronger mafic band and shows some similarity to the Group 2 small pyroclastic deposits. This overlap suggests that there may be compositional similarities between the large and small deposits in spite of their different eruption styles. The overlap may be interpreted to indicate that volcanic spheres, either quenched or crystalline, are not always the dominant juvenile component in large pyroclastic deposits; substantial highlands and mare components may also be present in some large and small pyroclastic deposits.
Summary and Conclusions
These analyses of the C!ementine five-band spectral data for several areas on the surface of the Moon permit us to make several conclusions regarding the composition of small pyroclastic and other deposits on the Moon:
1. Mean mafic band strengths for two small pyroclastic deposits in the floor of Atlas crater are different than that of the subjacent highlands terrain, and they are different from each other. These data suggest that two distinct eruptions may have occurred from a single, possibly related vent structure and that we may be observing changes with composition through time at Atlas crater.
2. Color variations among the small pyroclastic deposits examined are consistent with those of Hawke et al. [1989] , and our compositional interpretations are generally unchanged. Among the small pyroclastic deposits examined here, we can distinguish three compositional classes, and we see the trend of increasing mafic absorption band strength from Group 1 to Group 2 to Group 3. However, our classifications are slightly different those of Hawke et al. [1989] , and they suggest that with additional data the three classes will aggregate into one or two groups.
3. The compositions of the small pyroclastic deposits both resemble and differ markedly from those of the larger pyroclastic deposits. Although the Apollo 17/Taurus Littrow deposit falls well beyond the three classes observed for the small deposits, the Orientale annular pyroclastic deposit resembles the Group 1 small pyroclastics and many lunar highlands units, and Aristarchus is similar to Group 2 small pyroclastic deposits and many mature lunar maria. The observed overlap in color ratio data for these large and small pyroclastic deposits suggests that simple mixing of largely volcanic bead components, either quenched or crystalline, does not adequately explain the compositional variation among lunar pyroclastic deposits. Volcanic spheres, particularly quenched iron-bearing glasses, may not always be the dominant component in some of the large pyroclastic deposits; substantial highlands and mare components may also be present in many large and small pyroclastic deposits.
4. Data for the Group 3 small pyroclastic deposit at J. Herschel support previous interpretations that it contains a juvenile component in the form of olivine [e.g., McCord et al., 1981 ] , which has acted to reduce the albedo to a moderate level and to increase the mafic band depth over the adjacent highlands terrain. Because olivine does not have an absorption feature at wavelengths longer than 1.0 /an and iron-bearing glasses do, examination of Clementine NIR data at 2.0 ]an may allow us to constrain the possible spectral contributions of olivine versus iron-bearing pyroclastic glasses for this deposit.
5. Evidence for the presence of volcanic glasses in some of the small pyroclastic deposits is indirect, and it is based largely on our support for previous compositional classifications for these deposits. In the possible absence of volcanic glasses, the iron, titanium, and maturity mapping methods established by Lucey et al. [1998a, b] for mature 1 mare deposits may be app,icable for many of these deposits.
